In this report, we summarize our theoretical and experimental investigations on the zeolitic imidazolate framework (ZIF) system [Zn(dcim) 2 ] (dcim = 4,5-dichloroimidazolate) that have been published recently. These comprise: (1) a theoretical study on hypothetical conformational [Zn(dcm) 2 ]-SOD polymorphs with the same underlying sodalite (SOD) topology but distinct dcim linker orientations, (2) a synthetic work that resulted in the experimental realization of the most stable predicted (trigonal) SOD-type framework conformer and improved synthetic protocols for a previously discovered cubic SOD-type material, (3) a detailed structural analysis of the trigonal and cubic SOD-type materials, (4) a comparative characterization of the SOD-type materials by gas physisorption measurements, (5) a synthetic work that resulted in the discovery of a complete series of intermediate frameworks with the trigonal and cubic SOD-type materials as the end members, and (6) time-resolved insitu light and stopped-flow synchrotron small-angle and wide-angle X-ray scattering experiments on the rapid crystallization of the RHO-type polymorph (ZIF-71). In addition, we report as yet unpublished work, concerning time-resolved in-situ angular-dispersive synchrotron X-ray diffraction experiments on RHO-/SOD-type phase selection via the coordination modulation approach during competitive formation of the RHO-type and SOD-type materials.
Introduction
Metal imidazolates of divalent metal cations (e.g. Zn, Co) form dense (non-porous) and open (porous) framework structures with underlying 3-dimensional tetrahedral networks (zeolitic imidazolate frameworks, ZIFs) with properties [1] [2] [3] that make them potentially useful for applications in many different fields ranging from separation [4] and catalysis [5] to drug delivery [6] . However, discovery of theoretically predicted and potentially existing new ZIFs still proceeds mainly on a "trial-and-error" basis [7] , because synthesis-structure relationships and mechanisms of crystallization are poorly understood [1, 8, 9] .
Since the publication of our first report in late 2014 [1] , a number of remarkable papers have appeared on the prediction of hypothetical and potentially accessible structures and the mechanisms of crystallization. Going beyond earlier theoretical work based on density functional theory (DFT) to calculate relative framework stabilities at 0 K [10, 11] , two research groups used force field-based molecular simulation methods to investigate for the first time the influence of solvent, temperature and pressure on the stability of ZIF frameworks with different topologies. According to Gee and Sholl [12] , a solvent (methanol) can stabilize a porous [Zn(2-mim) 2 ] polymorph (2-mim = 2-methylimidazolate) by ca. 5-10 kJ·mol −1 (at 298 K) and change the energetic order of the frameworks compared to the order of the solventfree forms. Bouessel du Bourg et al. [13] have estimated that only ten out of a total of 18 considered, experimentally known and hypothetical [Zn(im) 2 ] polymorphs (im = imidazolate) are stable at relevant temperatures (>300 K). They have also demonstrated the stabilizing effect of a non-polar "solvent" (methane) on an unstable framework due to space filling and have predicted that some experimental as-made (solvent-containing) ZIFs are not stable upon guest removal.
A detailed in-situ electro spray ionization mass spectrometry (ESI-MS) investigation on the formation of [Zn(2-mim) 2 ]-SOD (ZIF-8) particles in comparatively dilute methanolic solutions has been reported by Lim et al. [14] , providing for the first time information about molecular assembly during pre-nucleation and nucleation stages. They demonstrated experimentally the formation and depletion of multinuclear complexes (oligomers) with up to seven zinc ions by complex formation, complex deprotonation and ligand exchange reactions, in agreement with an earlier proposal [15] , and detected tetramers that could form four-membered rings, a basic unit of the SODtype ZIF-8 framework. The growth of ZIF-8 particles was successfully monitored by Patterson et al. [16] in a careful in-situ liquid cell transmission electron microscopy (LC-TEM) study. It was demonstrated that particle growth is not a coalescence process, confirming the results of earlier in-situ small-angle and wide-angle X-ray scattering (SAXS/WAXS) experiments [17] , and that particle growth is surface-reaction limited and not diffusion limited. The topotactic transformation of a layered zinc 2-methylimidazolate (ZIF-L) into ZIF-8 was investigated using various ex-situ methods as well as in-situ liquid-state 1 H NMR spectroscopy by Low et al. [18] . Analysis of the insitu NMR data suggested that the solid-state reaction followed a geometrical contraction model (R2), in line with microscopic observations. Furthermore, Self et al. [19] have discovered for a RHO-type hetero-ZIF made from two different linkers (2-nitroimidazolate and purinate) an interesting reversed crystal growth mechanism. It starts from a disordered aggregate of precursor materials that undergoes a surface recrystallization process with subsequent growth from the crystalline rhombic dodecahedral shell to the disordered core.
Herein, we summarize our recent theoretical and experimental work on the [Zn(dcim) 2 ] system (dcim = 4,5-dichloroimidazolate), which we have chosen as a model ZIF system for investigations of the polymorphism and crystallization mechanisms. Further details can be found in two recent publications [20, 21] . Some previous studies on the [Zn(dcim) 2 ] system [22] had already been summarized elsewhere [1] . In addition, we present as yet unpublished work. This concerns in-situ synchrotron X-ray diffraction (XRD) experiments on phase selection via the coordination modulation approach.
Energy landscape of the [Zn(dcim) 2 ] system considering topological and conformational polymorphs
Our previous theoretical investigations on the [Zn(dcim) 2 ] system had considered synthetically realized and hypothetical framework structures based on different underlying 3-dimentional tetrahedral networks (topological polymorphs) [22] . That theoretical work has been extended to additionally include hypothetical frameworks with SOD topology exhibiting different dcim linker orientations (conformational [Zn(dcim) 2 ]-SOD polymorphs). Difficulties encountered during structural analysis of a previously discovered cubic [Zn(dcim) 2 ]-SOD material [22] forced us to search for further structural models (see below). Figure 1 shows an energy-density diagram for topological and conformational [Zn(dcm) 2 ] polymorphs obtained by periodic DFT calculations that took van der Waals interactions into account (rVV10 non-local density functional [23] ).
The frameworks of the four conformational SODtype polymorphs, SOD-I to SOD-IV, that have been generated and optimized by DFT calculations are illustrated in Figures 2 and 3 .
It can be seen that the four SOD-type frameworks differ considerably in their conformations as expressed by the orientations (twists) of the dcim linkers as well as the rotations (tilts) of the ZnN 4 tetrahedra. They are also energetically destabilized by <40 kJ·mol -1 compared to the dense (non-porous) lcs-type polymorph. The latter, experimentally known polymorph (ZIF-72) [25] represents the ground state among the considered structures. Framework SOD-I [35, 36] . Conformer SOD-IV (trigonal P3 ̅ m1) represents one example out of an infinite number of hypothetical periodic as well as non-periodic or defective intermediate frameworks of SOD-I and SOD-III that can be readily theoretically generated via formal concerted orientational movements of certain dcim linkers as described in detail elsewhere [20] . The large differences in the framework conformations of the SOD-type polymorphs considered here suggest that possible interconversions between any pair of frameworks are unlikely to take place via displacive transition pathways, because certain linkers would necessarily have to move concertedly through the comparatively small apertures of the six-membered rings and would thereby encounter strong steric hindrance between the chlorine substituents at the imidazolate rings. Rather possible interconversions should be reconstructive in nature, and it is therefore reasonable to expect that the framework conformers represent local minima in the energy landscape, which are separated from each other by high energy barriers, in principal comparable to the situation for topological polymorphs. Thus, our theoretical studies predict that the [Zn(dcim) 2 ]-SOD framework potentially exhibits a great static conformational variety with the possibility of synthetically accessing some of the predicted conformational polymorphs as co-existing phases at a given set of parameters (e.g. ambient temperature and pressure), in particular those frameworks that are not significantly higher in energy than the experimentally known RHOtype polymorph (ZIF-71) [25] . It is important to distinguish this static conformational variety from the comparatively small dynamic conformational changes occurring in response to external stimuli (temperature, pressure, guest adsorption/desorption) in heavily investigated [37] flexible ZIF frameworks (e.g. ZIF-7 [33, 34] and ZIF-8 [29] [30] [31] ), which cannot give rise to the co-existence of phases.
Conformational polymorphism in ZIFs had been considered before only by Baburin and Leoni [38] in a theoretical study of the [Zn(im) 2 ]-dia framework with diamond topology.
Experimental realization of a predicted trigonal [Zn(dcim) 2 ]-SOD polymorph
Realization of the trigonal SOD-III polymorph, the most stable amongst the SOD-type conformers, was only possible after laborious exploratory synthetic work. First hints at this conformer were obtained when inspecting powder XRD patterns of products recovered from reactions performed in aqueous ammonia. This represented a modification to previous synthetic work [39] . Inspection indicated some splitting of the most intense reflection in the powder XRD pattern of a previously discovered cubic [Zn(dcim) 2 ]-SOD material [22] . Those syntheses could be subsequently modified by replacing the solvent (DMF for 1-propanol) and modulator (1-methylimidazole for NH 3 ) to successfully recover the SOD-III polymorph as a pure phase, as verified by full Rietveld refinement against powder XRD data from as-made (DMF-containing) as well as activated (solvent-free) samples. Removal of DMF was found to occur with retention of the framework symmetry (R3 ̅ ) and a small decrease in cell volume. In contrast, for isostructural ZIF-7 it was reported that removal of DMF is accompanied by a displacive framework transition from ZIF-7-I (trigonal R3 ̅ ) to ZIF-7-II (triclinic P1 ̅ ) and a small increase in cell volume [33] , revealing subtle differences in the (dcim vs. bim) inter-linker interactions.
Improved synthesis and structural analysis of a previously discovered cubic [Zn(dcim) 2 ]-SOD material
Replacement of the solvent (THF for 1-propanol) and the zinc salt (acetate for nitrate) in previous 1-methylimidazole-modulated syntheses was found to yield the same cubic [Zn(dcim) 2 ]-SOD material with improved crystallinity, which diffracted X-rays to higher 2θ angles. Moving on from an initial not completely satisfactory analysis [22] , such samples were used for attempting structural solution and refinement on the basis of powder XRD data supported by solid-state NMR spectroscopy. However, under the same ambient conditions the solvent-free [Zn(dcim) 2 ]-SOD framework cannot exist with two different (rhombohedral vs. cubic) metrics and, indeed, closer inspection of the Rietveld plot reveals that a weak reflection (indicated by an arrow in Figure 5a ) is not well modeled (see also the differences in line shapes in the 13 C NMR spectra in Figure 4 , suggesting that some structural differences must exist).
A satisfactory Rietveld plot (Figure 5b ) was finally obtained in cubic Im3 ̅ m with a structural model that contains two unique sites for the linkers in the crystallographic asymmetric unit, having almost even (refined) statistical occupancy factors. This is in line with the equal intensities of the two signals in the 1 H NMR spectrum. The statistics of the in-plane and out-of-plane linker orientations in the four-and six-membered rings ( Figure 6 ) is close to that in the trigonal SOD-III conformer, but differs from that in the other considered SOD-type polymorphs.
This suggests that orientational linker disorder is not random. Rather, we hypothesize that the crystals consist of nanoscopic domains of the SOD-III conformer with R3 ̅ symmetry that are deformed to cubic metric and aligned with their 3 ̅ axes along the cubic <111> directions. The energetic cost for deforming the trigonal SOD-III structure to a cubic metric is rather small as estimated by a DFT calculation (E cub - E tri = 2.3 kJ·mol -1 ). The disordered structural H} CP/MAS NMR spectra of the trigonal (black) and cubic (red) SOD-type materials. Reproduced from Ref. [20] with permission from the Royal Society of Chemistry. model was subsequently confirmed by Rietveld analysis with higher-quality powder XRD data recorded from an as-made (THF-containing) sample. Activation of the as-made cubic material was found to occur with retention of framework symmetry (Im3 ̅ m), yet with significant loss of crystallinity.
As structural analysis has revealed, structural differences of the prepared trigonal (ordered) and cubic (disordered) SOD-type materials are more related to characteristics of real as opposed to ideal crystal structures, both SOD-type materials should not be considered as true conformational polymorphs. However, their experimental realization is clearly in line with our theoretically predicted potential static conformational variety of the [Zn(dcim) 2 ]-SOD framework.
Characterization of the trigonal and cubic [Zn(dcim) 2 ]-SOD materials
Comparative characterization of the trigonal and cubic SOD-type materials was of interest because it enabled an investigation of the influence real structural phenomena can have on materials properties, in this case static conformational disorder. Defects in ZIFs have scarcely been addressed experimentally so far [40] [41] [42] .
Argon adsorption/desorption isotherms measured at cryogenic temperature from activated samples of the trigonal and cubic SOD-type materials exhibit clear differences (Figure 7) .
In the case of the trigonal material, the steep argon uptake in the low-pressure regime, typical for microporous materials, is a two-step process, as is commonly observed in flexible ZIF frameworks. Here, the second step is likely due to some small reorientational movements of the dcim linkers upon reaching a certain threshold pressure to allow accommodation of additional argon atoms. Such guest-induced displacive framework transitions may (e.g. ZIF-7 [33, 34, 43] ) or may not (e.g. ZIF-8 [30, 31] and ZIF-4 [44] ) occur with a change of symmetry. In contrast, a similar step is not seen in the low-pressure region in case of the cubic material, demonstrating that static orientational linker disorder can affect framework dynamics.
At pressures beyond the steep uptake, a clear (first) plateau is reached in case of the trigonal material, while in case of the cubic material uptake smoothly continues and a shallow hysteresis appears between the adsorption and desorption branches. The latter uptake behavior provides evidence for the presence of mesopores with a broad size distribution as internal volume defects, which is not an unexpected finding for a disordered material. However, the hysteresis loop seen at large pressures in case of the apparently (according to XRD) well crystalline trigonal material is unexpected. The shape of the hysteresis is indicative for the presence of mesopores with a quite narrow size distribution centered at about 6 nm. The origin of the hysteresis is not yet well understood, but it may be connected with the crystallization mechanism (see below).
Discovery of intermediates of the trigonal and cubic [Zn(dcim) 2 ]-SOD materials
Investigations of the influence of various solvents on phase formation in the [Zn(dcim) 2 ] system indicated the importance of the correct choice of solvent for the crystallization of the trigonal SOD-III polymorph, as it could only be obtained in DMF under solvothermal conditions. Powder XRD patterns recorded at two different time intervals revealed that the crystallization takes place via the transient formation of a low-symmetry variant of the cubic SOD-type material (Figure 8 ), suggesting a solutionmediated reconstruction process as a possible mechanism of SOD-III crystal growth. Two experimental findings are in support of such a mechanism: the observed SOD-III crystal morphologies, ranging from irregular to rhombicdodecahedron-like agglomerates, and the gas-uptake properties, which indicate the presence of mesopores. However, confirmation of this hypothesis needs further careful investigations.
Experiments with other common solvents (e.g. DEF, various alcohols) yielded exclusively the RHO-type polymorph (in case of DEF) or the RHO-type, low-symmetry variants of the cubic SOD-type, and lcs-type materials in relative amounts that depended on the reaction conditions (type of alcohol, temperature, time). The less commonly used THF was found to result exclusively in the crystallization of the cubic SOD-type material. This took place even at room temperature and after prolonged times of heating (up to 7 days), indicating that a transformation into the trigonal SOD-III polymorph, as it was observed in DMF, takes place at a very slow rate or not at all. According to our synthetic work, good structure-directing agents for the RHO-type, trigonal and cubic SOD-type materials are DEF, DMF and THF, respectively. The solvents also serve as good stabilizing agents for the respective frameworks, as transformations to the stable lcs-type polymorph were not observed to occur under the reaction conditions considered.
As DMF and THF were found to direct crystallization of the trigonal and cubic SOD-type material, respectively, it seemed natural to investigate phase formation in DMF/ THF solvent mixtures. The powder XRD patterns recorded from the obtained products ( Figure 9 ) indicate that there exists a continuous series of intermediate SOD-type frameworks with the trigonal and cubic frameworks as the end members (in line with additionally taken SEM images).
It is our hypothesis that the intermediate materials consist, as the cubic end-member material, of domains of the SOD-III conformer, differing in the degree of structural deformation, domain size and domain interface structure. It is remarkable that already a very small amount of THF in DMF (ratio DMF/THF = 480:20) hindered crystallization of the pure, undistorted trigonal SOD-III conformer. The series of discovered intermediates also indicates that conformations in the [Zn(dcim) 2 ]-SOD framework may be controlled by careful choice of synthetic conditions, possibly allowing access to other predicted SOD-type structures with different properties.
Investigations on [Zn(dcim) 2 ]-RHO/ SOD phase selection via coordination modulation
In our previous work, we had discovered that 1-methylimidazole (1-mim) can apparently be used as an additive to synthesis mixtures for controlling phase selection during competitive crystallization of the kinetically favored RHOtype polymorph and a less favored SOD-type material (a low-symmetry variant of cubic [Zn(dcim) 2 ]-SOD) [22] .
We hypothesized that 1-mim acts as a monodentate ligand in competition to the bidentate dcim linker in the coordination equilibria during the self-assembly processes and, with increasing relative amount, eventually suppresses the prior formation of the favored RHO-type polymorph, resulting in the selective formation of the SOD-type material. In order to verify that hypothesis we performed in-situ time-resolved XRD experiments using monochromatic high-energy synchrotron radiation and a newly developed laboratory-scale reactor (see Experimental section). It must be noted that the in-situ experiments were performed with comparatively dilute solutions, corresponding to the synthesis protocols that had originally been designed to produce nanocrystalline material [22] . Therefore, quality of the recorded XRD patterns in particular towards larger scattering angles (q values) and severe RHO/SOD peak overlapping do not enable any quantitative analysis [45] [46] [47] [48] . Nonetheless, valuable qualitative information could be provided. , indicated with SOD, actually contains a small contribution form a RHO peak due to strong peak overlapping. ca. 5 s. It is known from ex-situ experiments that this phase transforms into a variant of the cubic SOD-type material after about 1 h (at room temperature) [22] . At the smallest amount of added 1-mim (x = 1), crystallization begins at about the same time (ca. 10 s), but now the RHO-type and cubic SOD-type materials form almost simultaneously. Compared with the non-modulated reaction, the RHO-type polymorph is formed in higher yield, as can be inferred from the increased intensity of the 110 Bragg peak. This observation may be explained if it is assumed that 1-mim acts, at this low amount, as a base to deprotonate the Hdcim linker molecules (deprotonation modulation), thereby shifting the gross equilibrium to the product side [49] . The reaction kinetics is slowed down with further addition of 1-mim (x = 2) and the RHOtype polymorph forms after ca. 60 s in lower yield, followed by the formation of the SOD-type material after 150 s. At x = 3, the RHO-type polymorph still forms in very low yield, but its first appearance is hardly visible in the broad scattering feature that is now seen at small q values. This feature indicates the transient formation of an amorphous phase. The SOD-type material appears after 37 min, while the amorphous phase disappears. At the largest amount of added 1-mim (x = 4) the RHO-type polymorph does not appear anymore. Only the amorphous phase forms transiently, followed by the SOD-type material after 21 min.
Suppression of the formation of the favored polymorph through addition of the modulator has thus been experimentally verified and may be attributed to the masking of the active "monomer" (which is probably some distribution of oligomers [14] ). This masking decreases the active concentration below the critical concentration for nucleation of the favored (more soluble) material, but still keeps it above the critical concentration for nucleation of the less favored (less soluble) material. However, the fact that formation of the less favored SOD-type material in the reactions with x = 3 and 4 took place at an earlier time with the larger amount of 1-mim contradicts the trend suggested by the simple coordination modulation mechanism. On the other hand, it should be considered that many mechanistic details still remain unclear, e.g. the possible involvement of the amorphous and RHO-type phases (the latter is only observed at x = 3) and the true chemical nature of the monomer.
Coordination modulation, also known as coordination buffering, has been previously proposed as an explanation for polymorph (supramolecular isomer) selection in coordination polymers by other researchers [50] [51] [52] , but the true function of the modulators still remained unclear, because mechanistic studies are missing. Our time-resolved in-situ investigations provide for the first time some insight.
Investigations on rapid [Zn(dcim) 2 ]-RHO formation
As reported previously [22] , the formation of nanocrystals of the RHO-type polymorph in comparatively dilute 1-propanolic solutions at room temperature is a very fast process, which runs on a time-scale ranging from seconds to a few minutes in the absence of any modulator (also, see the in-situ XRD studies above). This reaction was studied in detail using in-situ static and dynamic light scattering (SLS/DLS) as well as stopped-flow synchrotron small-angle and wide-angle X-ray scattering (SAXS/ WAXS) methods with a resolution on time-and lengthscale suitable to gain information about the entire homogenous crystallization process.
Time-resolved SLS experiments performed on solutions with varying zinc/linker ratios at fixed zinc concentrations revealed that the nucleation kinetics becomes faster with increasing amount of linker, resulting in final nanocrystals with decreasing size. The SLS data enabled us to establish the same power-law relation between particles size (radius of gyration) and mass for all investigated reactions, which suggests that particle growth occurs by a monomer-addition mechanism throughout the entire regime of linker concentrations with the monomers corresponding to not yet identified small entities. Furthermore, from a combined SLS/DLS experiment the ratio of the radius of gyration and the hydrodynamic radius, which depends on the particle morphology, could be determined as a function of time. The evolution of that ratio with time indicated that the particles kept the same compact and isometric shape during their growth.
While in-house SLS was limited to the monitoring of particles larger than approximately 60 nm in diameter as lower limit of size resolution, the combined SAXS/ WAXS experiments at beamline ID02 (ESRF) on selected reactions provided also insight into nucleation and early growth events. In the scattering patterns the evolution of four species could be followed: small entities (termed clusters), bigger entities (termed particles), crystallites and aggregates. For a reaction mixture of composition Zn(NO 3 ) 2 ·6H 2 O/Hdcim/1-propanol = 1:4:2000, the development of size and mass for the clusters and particles, as determined by model-independent analysis of the SAXS data, and the extent of crystallization, as determined from the intensities of the 110 reflection of the RHO-type polymorph in the WAXS data, are shown in Figures 11 and 12 , respectively.
The clusters were seen already in the second measurement after 0.6 s, while the first particles formed only after 15 s. Our data provide strong evidence that these first entities were amorphous, as the 110 Bragg peak was detected not before ca. 70 s, corresponding to an experimental extent of crystallization of ca. 0.3, and an estimated induction time for the nucleation of RHO-type crystallites of ca. 35 s. At the end of the induction time, when the clusters apparently began to disappear, the particles had grown already to more than three quarters of their final size (diameter of ca. 180 nm). As the rate of crystal nucleation was estimated to be larger than the rate of crystal growth, we hypothesize that crystallization is more an intra-particle reconstruction than a dissolution-recrystallization process. Interestingly, analysis of the SAXS data yielded different power-law relations between size and scattered intensity at q = 0 for clusters and particles (Figure 13 ), suggesting a coalescence mechanism for growth of clusters (involving clusters and smaller units), in contrast to the monomer-addition growth of particles with clusters and/ or smaller units as the possible monomers.
On the basis of the above analysis we propose a mechanism of [Zn(dcim) 2 ]-RHO formation that is illustrated in Figure 14 . The mechanistic scheme starts with "Zn-dcim complexes", meaning multinuclear species (oligomers) that probably form first during the pre-nucleation stage via complex formation, complex deprotonation and ligand exchanges reactions. Previous in-situ ESI-MS investigations on ZIF-8 formation have demonstrated the transient formation of such oligomers containing up to seven Zn ions [14] . The mechanistic scheme is compatible with the knowledge gathered so far for ZIF-8 formation [14-17, 54, 55] and may thus be more generally valid for ZIF formation in comparatively dilute solutions independent from topology. Concerning clusters and particles, our investigations above have added significant new details to the mechanism. However, the mechanism differs partly from that observed for the formation of dense [Zn(im) 2 ]-zni in similar dilute solution, where a particle growth by monomer addition with the particle as the monomer occurs [1, 56] .
Conclusions
Theoretical studies on the zeolitic imidazolate framework (ZIF) system [Zn(dcim) 2 ] (dcim = 4,5-dichloroimidazolate) predict that besides a number of topological polymorphs, there potentially exists an infinite number of conformational [Zn(dcim) 2 ]-SOD polymorphs with the same underlying sodalite topology but distinct linker orientations (including periodic as well as non-periodic and defective frameworks) that exhibit comparatively small energetic differences. In line with those predictions of a great static conformational variety of the [Zn(dcim) 2 ]-SOD framework, we have so far been able to experimentally realize two SOD-type materials: the first (ordered) trigonal SOD-type material is identical with the most stable of the predicted conformational polymorphs, while the second cubic SOD-type material exhibits orientational disorder of the linkers. The disorder is most likely not random, rather we hypothesize that the cubic crystals consist of nanoscopic domains of the trigonal polymorph deformed to a cubic metric. In addition, a complete series of intermediate frameworks with the trigonal and cubic structures as the end members has been synthesized. Argon physisorption measurements have revealed that the static orientational disorder of the linkers affects the dynamics of the [Zn(dcim) 2 ]-SOD framework. The three so far experimentally realized topological [Zn(dcim) 2 ] polymorphs with ordered frameworks (RHO, SOD, lcs) are amongst the most stable predicted phases in the [Zn(dcim) 2 ] system.
In-situ XRD studies have demonstrated for the first time that addition of a monodentate ligand (coordination modulator) can completely suppress the crystallization of a kinetically favored (more soluble) RHO-type polymorph under conditions of competitive RHO-/SOD-type phase formation, resulting in the exclusive crystallization of the less favored (less soluble) SOD-type polymorph. In-situ light and SAXS/WAXS studies have provided insight into the entire rapid homogeneous crystallization process of the RHO-type polymorph: small entities (termed clusters) first from via a coagulation reaction, followed by amorphous particles that grow via a monomer-addition reaction with the clusters or smaller units as the monomers. The particles transform into the periodic RHO-type structure probably via intra-particle nucleation and subsequent particle reorganization. 
Experimental
Details concerning structural derivations and DFT calculations as well as experimental work can be found elsewhere [20, 21] . The in-situ XRD experiments on RHO/SOD phase selection via coordination modulation, which are reported for the first time in the present contribution, are described in the following.
Time-resolved in-situ synchrotron angular-dispersive XRD experiments were performed at the side station P07b of the High Energy Materials Science beamline P07 of storage ring PETRA III at photon light source DESY (Hamburg, Germany) using monochromatic radiation with energy of 87.1 keV (wavelengths: 0.14235 Å). 2D patterns were recorded using a Perkin Elmer XRD 1621 digital X-ray flat panel detector. The reactions were carried out in a custom-built reactor that was developed at CAU Kiel in cooperation with the beamline staff of beamline P08, PETRA III, DESY and shall be described in detail in a separate publication. The reactor enables the in-situ monitoring of reactions under solvothermal conditions via synchrotron-based techniques. The main part of the reactor consists of an aluminum casing surrounded by copper wires, which is aligned in transmission geometry on the beamline. Duran ©-borosilicate glass tubes with a maximum volume of ~5 mL were used as reaction vessels. The temperature was monitored throughout the entire reaction with a PTFE-coated thermocouple located inside the reaction vessel. Through a combination of resistive heating and direct cooling via compressed air was the temperature inside the glass vessel precisely controlled within ±0.5 °C of the set reaction temperature. The glass vessel was closed via a cap with integrated tubes, which were connected to syringe pumps. A 1-propanolic Zn(NO 3 ) 2 ·6H 2 O solution was first filled into the glass tube and pre-heated in the reactor to 50 °C for 5 min. Then, a 1-propanolic Hdcim solution containing the desired amount of 1-mim was injected via the pumping system into the stirred zinc salt solution with a flow rate of 10 mL·min −1 . The total volume of the combined solutions was 3 mL. The pumping and heating systems of the reactor were synchronized with the XRD data acquisition system. 2D data were azimuthally integrated using the Fit2D program [57] to obtain a 1D profile.
